and Beijerinck (1893) , it is still a very poorly understood process. A natural butyric acid fermentation of lactate has been reported to occur commonly in low grade silage (van Beynum and Pette, 1936) , and, under laboratory conditions, several investigators have easily obtained crude enrichment cultures of butyric acid bacteria using lactate as the main substrate, but nearly all attempts to isolate and propagate these bacteria in pure culture on a lactate medium have failed. In pure culture the bacteria appear to lose their ability to attack lactate, although they can be cultured easily on sugar-containing media. Van Beynum and Pette (1935) finally succeeded in growing these organisms in a lactate medium,, but only when an unusually high concentration of yeast autolysate was also provided. Consequently one cannot decide whether the lactate or the yeast autolysate provided the main carbon and energy source. Van Beynum and Pette rightly observe: "There is much uncertainty about the lactate fermentation. As a matter of fact one does not know if it exists as a separate phenomenon, and very little is yet known about the relation between lactate and sugar fermentations."
In the present investigation we have used lactate-decomposing bacteria obtained by the enrichment culture method. By studying their nutritional requirements and chemical activities we have found why butyric acid bacteria cannot be grown in a simple lactate medium and have shown that acetic acid plays an important role in their metabolism.
EXPERIMENTAL RESULTS
Enrichment and isolation of lactate-fermenting bacteria. The investigation was begun by the enrichment and isolation of lactate-fermenting butyric acid bacteria from soil. A medium of the following composition (medium 1) in grams per 100 ml was used: sodium lactate, 1; yeast autolysate, 0.3; (NH4)2SO4, 0.05; MgSO4.-7H20, 0.01; K2HPO4, 0.05; FeSO4 7H20, 0.002; pH 7, made up with tap water. The medium was inoculated with a small quantity of garden soil and incubated anaerobically at 37 C. Within 36 hours the medium became tur- bid, considerable gas was given off, and the pH rose to 8.2 to 8.4. After 72 hours a determination of lactic acid by the method of Friedemann and Graeser (1933) showed that the lactate was completely decomposed.
Several soils of different types were used as inocula for enrichment cultures of this type, and in every instance a vigorous fermentation was obtained within 30 to 48 hours. The predominant bacteria were always medium-sized, actively motile rods, a few of which usually contained oval, central, or subterminal spores. In addition, a few small nonsporulating rods and vibrios were always present when the inoculum was not pasteurized. When a pasteurized soil inoculum was used, a more homogeneous but always less vigorous culture was obtained.
In order to eliminate extraneous bacteria as far as possible before attempting the isolation of pure cultures, one or two succ&ssive transfers were made in the same enrichment medium. These cultures always developed within 30 to 40 hours, but were notably less vigorous than the original.
Pure cultures were obtained without special difficulty from the enrichment cultures by the shake culture method of Burri (1902) . A solid medium of the same composition as the enrichment medium proved to be satisfactory. Oxygen was removed from the culture tubes by the use of a mixture of pyrogallol and potassium carbonate. Within 20 to 30 hours' incubation at 37 C, the agar in the more heavily inoculated tubes was split by gas, but at the higher dilutions a few wellisolated colonies developed without apparent gas formation. After about 24 hours' incubation at 37 C colonies were visible up to the seventh or eighth dilution, but only at lower dilutions was the agar split by gas.
The colonies of the lactate-decomposing bacteria are generally compact, fluffy, dark gray spheres composed of filamentous outgrowths. They are coarsely lobed and rough-edged; they eventually reach a diameter of 1 to 2 mm. The consistency of the colonies is such that the organisms can be easily drawn into a micropipette or transferred with an inoculating needle.
By the repeated use of the shake culture method, nine strains were isolated in pure culture. Each was derived from a different soil.
Morphological characteristics. All nine strains are very similar in appearance (figure 1). The average cell dimensions are 0.8 by 4.6 microns, the variation in width being from 0.7 to 0.9 microns and in length from 3 to 8 microns. Spores develop after about 40 hours' incubation in a favorable medium; they are oval in shape and are usually located subterminally, where they cause a distinct bulge in the cell. The average spore size is 1.1 by 1.5 microns. Young vegetative cells are actively motile by means of 20 or more peritrichous flagella. At this stage they are gram-positive. In old cultures most of the cells become gramnegative. Cells generally occur singly or in pairs, though short chains can be seen. When first isolated, three strains appeared to possess small capsules, but on subsequent cultivation in a variety of media, no capsules could be observed in any of the strains.
Physiological and cultural characteristics. Classification. All the strains studied clearly belong to one species wvhich is evidently closely related t,o Clostridiulm bultyricum as defined by Bergey et al. (1939) . However, it is definitely stated that the latter species is unable to ferment lactate. Twi-o lactate-fermenting clostridia have been (lescribed in the literature, Clostridium tyrobutyricum of van Beynum and Pette (1935) , an(l &-ranulobacter lactobutyricus of Beijerinck (1893) , but neither of these organisms appears to be able to attack the wide variety of carbohydrates andl polyalcohols fermented by our strains. Beijerinck states that G. lactobutyricus is uiablel to attack carbohydrates at all. C(. tyrobutyricum is described as usually fermenting only glucose, fructose, and lactate. In view-of the impossibility of identifying our organism wiith any previouslv described species, we have decided to call it (;lostridium lacto-acetophilum, nov. spec., for reasons w<hich wvill appearibelow. Further woik may prove that this organisnm is identical with some other species not nowz iecognized to be able to ferment lactate because the fermentation test was carried out in the absence of acetate (see below). Howvever, in the meantime the name C. lacto-acetophilum will serve to identify lactate-fermenting blutyric acid bacteria of the type we have described.
Nutritional requirements. Shortly after pure cultures of C. lacto-acetophilum were fflst isolated, using a solid lactate yeast autolysate medium (medium 1), the organism was inoculated into a liquid medium of the same composition except for the absenice of agar. Growth in this liquid medium was extremely sparse. The adldition of 0.1 per cent agar iesulted in a slight improvement, and the addition of 2 per cent agar allowed moderately good growth. The following medium (medium 2), which supports excellent growth of C. lacto-acetophilum, was developed on the basis of the foregoing experiments: sodium lactate, 1 g; sodium acetate, 0.8 g; yeast autolysate, 0.5 ml (0.05 g dry weight); sodium thioglycolate, 0.05 g; (NH4)2S04, 0.05 g; MgSO4-7H20, 0.01 g; K2HPO4, 0.05 g; FeSO4*7H20, 0.002 g; biotin, 0.01 jig; para-aminobenzoic acid, 10 jig; distilled water, 100 ml; pH 7. Heavier growth is obtained if lactate is replaced by glucose.
Fermentation products. The observation that the amount of lactate decomposed is dependent upon the inital acetate concentration suggests that acetate is consumed in the lactate-acetate fermentation. This possibility was verified experimentally, and the products of the lactate-acetate fermentation in a growing culture were determined quantitatively by methods previously described (Barker and Haas, 1944 The figures represent yields in moles per 100 moles of fermented substrate. Each medium contained the salts of medium 1, 3 volume per cent yeast autolysate, and the indicated substrate concentrations. Cultures were incubated at 37 C until fermentation ceased. net production of both acetate and butyrate. At higher acetate concentrations there is always a disappearance of acetate, which increases with concentration.
It should be noted that added acetate is never entirely used up. The final concentration is always above 1 millimole per 100 ml. In this respect acetate behaves quite differently from most other substrates, like glucose and lactate, which under favorable conditions are completely fermented by this organism. The explanation for this anomalous behavior appears to be that the utilization of acetate depends upon the concentration of butyrate. Column 5, table 3, shows that the butyrate-acetate concentration ratio in the fermented medium never exceeds a value of about 2.6 and is remarkably constant and independent of the initial acetate concentration over a wide range. This indicates the existence of some sort of equilibrium between acetate and butyrate. The ratio of butyrate formed to acetate used (column 6, (Barker, Kamen, and Bornstein, 1945) . In the lactate-acetate fermentation of C. lactoacetophilum lactate is evidently oxidized to carbon dioxide and acetic acid or a derivative thereof. It will be noted that one mole of carbon dioxide is formed per mole of lactate fermented as is required of such a mechanism. As in the C. kluyveri fermentation, butyric acid is probably formed by a condensation of two moles of acetic acid or related compound, followed by a reduction. The postulated fermentation mechanism may be schematically represented as follows:
(1) 2H = H2
(2) 2CHsCOOH + 4H = CHsCH2CH2COOH + 2H2Q.
(3) The need for an outside supply of acetate in the decomposition of lactate may be explained by considering the oxidation-reduction relations involved in the fer-mentation. These-relations are independent of any specific mechanism but for convenience we shall assume the reactions postulated above. The oxidation of 100 moles of lactate to acetate and carbon dioxide (equation 1) releases 400 equivalents of hydrogen, which must be used in reduction processes if the fermentation is to maintain itself. Part of the hydrogen (118 equivalents) appears as hydrogen gas (equation 2). The remainder can only be used in the formation of butyric acid or the reduction of small quantities of hydrogen acceptors present in the yeast autolysate. The latter will be quantitatively important only when the concentration of acetate is low. ThLe reduction of 100 moles of acetate (derived The decomposition of glucose in the absence of added acetate must be explained on a different basis since glucose, unlike pyruvate, is in the same oxidation state as lactate. The fermentation of glucose alone is possible because of the relatively much larger evolution of gaseous hydrogen. In the pyruvate fermentation, involving a two-step oxidation to acetate and carbon dioxide, the yield of hydrogen gas is 30 mm per 100 mm of substrate, and in the lactate fermentation, involving a four-step oxidation, the yield is 59 mm hydrogen, a proportional amount. On the same basis one would expect that the glucose fermentation, which involves eight oxidation steps, would yield about 120 mm hydrogen. However, the observed hydrogen production is 182 mm, about 50 per cent greater than this ex (Barker, Kamen, and Haas, 1945) , which has been proved to involve a reduction of carbon dioxide to acetic acid. However, we have not been able to obtain any evidence for the occurrence of species of Butyribacterium in the enrichment cultures. The organism or factor responsible for the anomalous behavior of enrichment cultures remains to be discovered. DISCUSSION We have shown that a lactate-fermenting butyric acid bacterium, Clostridium lacto-acetophilum, can be readily isolated from soil and that the ability of this organism to decompose-lactate in pure culture is dependent upon the presence of acetate. The catabolism of this organism may be described as an oxidation of lactate to acetate and carbon dioxide, coupled with a reductive condensation of acetate to butyrate. A little gaseous hydrogen is also formed. Since the amount of acetate produced from lactate is insufficient to react with all the hydrogen derived from lactate, extra acetate must be added to maintain the reaction.
C. lacto-acetophilum is not the only organism requiring acetate as a primary oxidant. A similar type of fermentation is catalyzed by C. kluyveri, which oxidizes ethanol to acetic acid and then converts the acetic acid first to butyric acid and later to caproic acid (Barker, Kamen, and Bornstein, 1945) . The catabolic processes of the two organsm differ mainly with respect to the substrates that can be oxidized and the products of acetate condensation and reduction. Experiments with isotope-labeled acetic acid (Wood et al., 1944 (Wood et al., , 1945 Barker, Kamen, and Haas, 1945) clearly show that other butyric acid bacteria,
